RAD51, is a key homologous recombination protein that repairs DNA damage and maintains gene diversity and stability. Previous studies have demonstrated that the over-expression of RAD51 is associated with chemotherapy resistance of tumor cells to chemotherapy, and enhanced activity of DNA damage repair (DDR) systems contributes to resistance of adult T-cell leukemia-lymphoma (ATL) resistance to chemotherapy. Thus, targeting RAD51 is a potential strategy for the sensitization of ATL cells to chemotherapeutic drugs by inducing DNA damage. In general, cells can repair minor DNA damage through DDR; however, serious DNA damage may cause cell toxicity in cells which cannot be restored. In the present, down regulation of RAD51 by shRNA and imatinib sensitized Jurkat cells to etoposide by decreasing the activity of homologous recombination (HR). We found that the suppression of RAD51 by shRNA inhibited tumor cells proliferation and enhanced apoptosis of Jurkat cells after etoposide treatment. Importantly, downregulation of RAD51 by imatinib obviously increased the apoptosis of Jurkat cell after etoposide treatment. These results demonstrated that RAD51 may be of great value to as a novel target for the clinical treatment of adult T-cell leukemia-lymphoma (ATL), and it may improve the survival of leukemia patients.
Introduction
A number of DNA-damaging chemotherapeutic agents used for the treatment of adult T-cell leukemia-lymphoma (ATL) result in cell death diametrically by inducing DNA damage. Examples include etoposide and anthracyclines, which are currently the most common treatments used in ATL (1, 2) . DNA damage causes cell cycle arrest and cell death. Therefore, drug resistance represents a challenge in the clinical treatment of leukemia, as strengthened DNA damage repair (DDR) serves a crucial role in the resistance of ATL cells to chemotherapy (3) (4) (5) . Thus, targeting DNA repair pathways may be an effective strategy for eradicating leukemia cells resistant to chemotherapy. An intact DDR system is critical for maintaining genomic stability and cell proliferation (6) . Although in eukaryotes, DNA double-strand breaks (DSBs) are repaired by non-homologous end joining (NHEJ) mechanisms or homologous recombination (HR) (2, 7) , HR has high fidelity. Abnormal DSB repair induces various types of chromosomal aberrations, including deletions (loss of heterozygosity), aneuploidy and chromosomal translocations-events which are particularly relevant in carcinogenesis (6) .
DNA repair protein RAD51 homolog 1 (RAD51) is a central protein in the homologous recombination (HR) repair pathway (8) . The role of RAD51 is to recognize the homologous sequence and facilitate homologous pairing and DNA strand exchange, as well as to complete DNA replication using homologous sequences as a template (9, 10) . A previous study revealed that RAD51 is overexpressed in several tumors (11) . The overexpression of RAD51 is also associated with increased tumor metastasis (12) , high tumor grade (13) , treatment resistance (14) and poor overall survival rate (15) . Knockout of RAD51 disrupts the HR pathway and causes embryonic death in vertebrates, whereas high expression of RAD51 increases HR efficiency and results in tumor resistance (16) . Therefore, the focus of the present study was RAD51 as a treatment target, in order to determine whether the recovery of its normal expression level would reduce tumor resistance, and even increase its sensitivity to DNA-damaging drugs.
Imatinib is a platelet-derived growth factor receptor tyrosine kinase, which is an inhibitor of proto-oncogenes c-KIT and c-ABL. Previous studies have demonstrated that imatinib (Gleevec) reduces RAD51 protein repression (17, 18) . Synthetic lethality via targeting the DDR pathways and HR defects has had clinical success with breast cancer type 1 susceptibility protein (BRCA1) functional loss and poly(ADP-ribose) polymerase inhibition (PARPi) (19) . Direct inhibition of RAD51 with RNAi and small molecule inhibitors, such as halenaquinone (20) , B02 (21), RI-1 (22) and IBR2 (23) aims to reduce the expression of RAD51. Indirect inhibition is predominantly achieved by functional damage to RAD51 protein recombinase activity or interference with RAD51 protein-protein interactions, such as with tyrosine receptor kinase inhibitors (TKIs) (24) , histone deacetylase inhibitors (HDACis) (25) and methylamine Pterin (26) . Novel treatments targeted at RAD51 combined with PARPi have been widely reported in combination with traditional cancer therapies (27, 28) . Thus, the present study aimed to expand this innovative treatment to other cancer types, particularly hematological malignancies.
In the present study, RAD51 was knocked down by small hairpin (sh)RNA in Jurkat cells, one of the highest RAD51-expressing ATL cell lines. Cell proliferation and apoptosis under etoposide treatment was evaluated in cell culture. In addition, DDR efficiency and apoptosis was examined following RAD51 silencing in response to etoposide in combination with imatinib treatment.
Materials and methods
Cell lines. 293T/17, Namalwa (human Burkitt lymphoma cell), Karpas-299 (human anaplastic large cell lymphoma cells), Daudi (human Burkitt lymphoma cells), HL-60 (human myeloid leukemia cells), Su-DHL-4 (human diffuse large B-cell lymphoma cells), Kasumi-1 (human acute myeloid leukemia cells), HEL (human erythroleukemia leukemia cells), K562 (human chronic myeloid leukemia cells), THP1 (human monocyte leukemia cells) and Jurkat (human T lymphocytic leukemia cells) cell lines were purchased from the Shanghai Cell Bank, Chinese Academy of Sciences (Shanghai, China). The lentivirus packaging cell line 293T/17 was maintained in Dulbecco's modified Eagle's medium (DMEM; Hyclone; GE Healthcare Life Sciences, Logan, UT, USA). The remaining hematological tumor cells were cultured in Iscove's modified Dulbecco's medium (IMDM) or RPMI-1640 medium (Hyclone; GE Healthcare Life Sciences). Cell cultures were supplemented with 0.1 U/ml streptomycin, 0.1 U/µl penicillin and 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The cells were cultured at 37˚C in a humidified atmosphere of 5% CO 2 .
Gene knockdown. shRNA targeting RAD51 was cloned into the pLVX-shRNA1 vector (Clontech Laboratories, Inc., Mountainview, CA, USA) to create shRAD51 and scrambled negative control (SCR) vectors. The RAD51 interference sequences were as follows: shRNA-RAD51-1, 5'-GAA GCT ATG TTC GCC ATT A-3'; shRNA-RAD51-2, 5'-GCC AAC GAT GTG AAG AAA TT-3'; shRNA-RAD51-3, 5'-AAG CTA TGT TCG CCA TTA A-3'; shRNA-RAD51-4, 5'-GCA GTG ATG TCC TGG ATA A-3'; SCR, 5'-GTT CTC CGA ACG TGT CAC GT-3'. 293T/17 cells with shRAD51 or SCR and lentivirus packaging plasmids were co-transfected at a ratio of 4:3:2 using calcium phosphate precipitation to produce lentiviral particles. Transduction was performed in the presence of 5 µg/ml polybrene. Subsequent experiments were performed at 72 h post-transduction.
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Total RNA was extracted from cell lines using TaKaRa MiniBEST Universal RNA Extraction (Takara Biotechnology Co., Ltd., Dalian, China) according to the manufacturer's instructions. First-strand cDNA was synthesized in a 10 µl reaction volume with 5X prime Script RT Master mix (Takara Biotechnology Co., Ltd.) according to the manufacturer's instructions. Relative mRNA expression of RAD51 and GADPH was assessed by qPCR on an Applied Biosystems 7500 Fast Real-Time PCR system (Thermo Fisher Scientific, Inc.) with SYBR Premix Ex Taq™ (Takara Biotechnology Co., Ltd.) according to the manufacturer's instructions. The following primers were used: GAPDH forward, 5'-CTC TGA TTT GGT CGT ATT GGG-3' and reverse, 5'-TGG AAG ATG GTG ATG GGA TT-3'; RAD51 forward, 5'-GCC ACC GCC CTT TAC AGA ACA-3' and reverse, 5'-TGG GAT CAG CAG CAA ACA TCG-3'. Data were analyzed using the 2 -ΔΔCq method (29) , where ΔCq=(Cq target gene-Cq GAPDH).
Cell apoptosis analysis. Apoptosis assays were performed using a BD Bioscience Annexin V-allophycocyanin (APC) staining kit according to the manufacturer's protocols (BD Biosciences, Franklin Lakes, NJ, USA). Cells were seeded in 24-well plates at a density of 1x10 5 cells/ml and cultured in a medium with etoposide (20 µM) or PBS for 4 h at 37˚C. Then, the cells were washed with PBS three times and incubated for 48 h at 37˚C. Cells (5-10x10 5 ) were harvested, washed with PBS three times, and stained with Annexin V-APC and propidium iodide for 15 min at room temperature. Apoptotic cells were detected by flow cytometry.
Colony-forming ability assay and cytotoxicity test.
For the clonogenic assay, soft agar culture was performed with 1.2% agarose. After 10 days, the number of colonies was counted using an inverted microscope, and the proliferation ability of the cells was observed. For the cytotoxicity test, cells were collected and the cell concentration was adjusted to 10 5 /ml; 100 µl cell suspension was seeded in each well of a 96-well plate and different concentrations of imatinib were added and cultured at 37˚C for 48 h; 10 µl Cell Counting Kit (CCK)-8 reagent was then added and incubated for a further 4 h. The absorbance at 450 nm was measured with a microplate reader.
Measurement of DNA repair capacity. HR, NHEJ reporter cassettes and pDsRed-N1 as internal controls were kindly provided by Dr Zhiyong Mao from the School of Life Science and Technology of Tongji University. NHEJ or HR reporter cassettes were linearized by I-SceI endonuclease and purified using Monarch PCR & DNA Cleanup kit (cat. no. T1030S; New England BioLabs, Inc., Ipswich, MA, USA). Cells were transfected with 0.5 µg NHEJ reporter construct or 2 µg HR reporter construct, and 0.2 µg of pDsRed-N1 as internal control. Transfections were performed using an Amaxa Nucleofector (Walkersville, MD, USA). Cells were analyzed by fluorescence-activated cell sorting at 72 h post-transfection, as previously described (30) .
Immunoblotting and immunofluorescence. Cells were collected and lysed in radioimmunoprecipitation assay lysis buffer (EpiZyme Biotech, Shanghai, China) lysis buffer for protein extraction. Protein concentration was determined by a bicinchonic acid protein assay and the supernatant was used for western blotting. Proteins were separated by SDS-PAGE (10% gel) and transferred to polyvinylidene difluoride membranes, and membranes were blocked in 5% non-fat dry milk. Proteins were first incubated with anti-RAD1 (1:1,000; cat. no. ab133534; Abcam, Cambridge, MA, USA) overnight at 4˚C with gentle rotation, and then incubated with horseradish peroxidase-conjugated anti-rabbit IgG secondary antibody (cat. no. 7074S; 1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA) at room temperature. Signal development was performed using an enhanced chemiluminescence kit (EpiZyme Biotech).
For immunofluorescence analysis, cells grown on coverslips were fixed in 4% paraformaldehyde, permeabilized with PBS containing 0.1% Triton X-100 (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), and blocked with 5% bovine serum albumin (BSA) for 30 min at room temperature. Rabbit anti-human phosphorylated (γ-) H2A histone family member X (H2AX; 1:1,000; cat. no. ab11174; Abcam) was diluted in 5% BSA and applied at 4˚C overnight. Following rinsing with PBS three times and incubating for 1 h with donkey anti-rabbit secondary antibody (cat. no. 20308-1, 1:1,000; Biotium, Hayward, CA, USA) at room temperature, the slides were washed three times in PBS and the cell nuclei were stained with DAPI (1:1,000; Invitrogen; Thermo Fisher Scientific, Inc., Carlsbad, CA, USA) for 10 min at room temperature. Images were captured with a Leica TCS SP2 confocal fluorescence microscope (x20; Leica Microsystems GmbH, Wetzlar, Germany).
Statistical analysis. All statistical analyses were performed using Prism 6.0 (GraphPad Software, Inc., La Jolla, CA, USA). Data are presented as the mean ± standard deviation. All quantitative experiments were conducted with a minimum of three independent experiments. For data analysis, two-tailed t-test or one-way analysis of variance followed by Tukey's post-hoc test were used. P<0.05 was considered to indicate a statistically significant difference. Flow cytometry data were analyzed with FCS Express 6 Flow software (De Novo Software, Glendale, CA, USA) and protein expression was quantified using the ImageQuant R 4.2A software (GE Healthcare Life Sciences).
Results

RAD51 is overexpressed in leukemia cells.
To determine the expression of RAD51 in leukemia, the mRNA expression of RAD51 was measured in several cell lines by qPCR. Kasumi, Namalwa, Karpas 299, HL-60, Daudi, HEL, THP1, Su-4, K562 and Jurkat cells exhibited markedly higher RAD51 expression compared with the Kasumi cells, which were used as a control.
The Jurkat cell line exhibited the highest level of RAD51 mRNA, which was ~7.25 times that of Kasumi cells (Fig. 1A) . The Kasumi cell line was chosen as a control because it exhibited the lowest RAD51 expression of all tumor cell lines tested. Immunoblot analysis demonstrated that Jurkat cells exhibited markedly higher RAD51 protein expression compared with the other four cell lines ( Fig. 1B and C) . Consequently, Jurkat cells were selected for subsequent experiments.
ShRNA-mediated down regulation of RAD51 in leukemia cells. In order to determine whether the expression of RAD51 in infected Jurkat cells was decreased, and whether the four interferon fragments of RAD51 were designed to effectively degrade RAD51 mRNA, Jurkat cells were infected with lentivirus expressing shRNA targeting RAD51 (shRAD51-KD) or normal control (shRNA-SCR). As shown in Fig. 2A and B , RAD51-sh4 exerted a prominent interference effect. Consequently, RAD51-sh4 was selected for subsequent experiments. 
RAD51 knockdown reduces cell proliferation and induces apoptosis of Jurkat cells. To elucidate the role of RAD51
in Jurkat cell DNA damage, RAD51 was downregulated with shRNA and the colony-forming ability and apoptotic rate was assessed following etoposide treatment. Ki67 is a well-known cell proliferation activity marker protein that reflects the proliferative activity of tumor cells (31) . As shown in Fig. 2C , the results revealed that the expression of Ki67 in RAD51-KD cells was notably lower compared with that in SCR. Similarly, shRNA-mediated downregulation of RAD51 reduced the colony-forming ability of Jurkat cells by 3-fold under normal growth conditions, and further decreased the colony-forming ability of Jurkat cells by 4-fold following etoposide treatment ( Fig. 2E) . Furthermore, the colony size of Jurkat cells with RAD51 shRNA was markedly smaller compared with that of cells in the WT and control SCR groups (Fig. 2D) . The apoptotic rate was examined by Annexin V staining coupled with flow cytometry. As shown in Fig. 3A and B , the mean apoptotic rate of Jurkat cells in the RAD51KD group was 14.12%, compared with 1.92 and 1.47% in the two negative control groups. Following etoposide treatment, the apoptotic rate of RAD51KD group was 36.42%, compared with 6.98 and 8.38% in the control groups, respectively (P<0.05). Taken together, these results demonstrated that RAD51 silencing results in reduced cell viability and an increased apoptotic rate under normal growth conditions with etoposide treatment.
Downregulation of RAD51 alters the efficiency of DDR in
Jurkat cells. To investigate whether the increase in Jurkat cell apoptosis was associated with a decrease in DDR function, the expression of H2A histone family member X (H2AX) and the efficiency of DDR was measured in a quantitative manner in Jurkat cells. The phosphorylation of H2AX (γ-H2AX), is a sign of DNA DSBs (32) . Therefore, γ-H2AX protein expression was detected in cells treated with or without etoposide. The expression of γ-H2AX was higher in Jurkat cells transduced with RAD51 shRNA compared with that with control shRNA, whereas γ-H2AX was notably higher in Jurkat cells transduced with RAD51 shRNA following etoposide treatment (Fig. 3C) , indicating that RAD51 was indispensable for the repair of DSBs in Jurkat cells. Furthermore, fluorescent reporter constructs were used in which a functional GFP gene was reconstituted following an NHEJ or HR event (Fig. 4A) . Notably, the results demonstrated that inhibition of RAD51 by shRNA reduced the efficiency of HR, but increased that of NHEJ (P<0.05; Fig. 4B ).
Imatinib inhibits the expression of RAD51 and enhances chemosensitivity in Jurkat cells.
To test the toxicity of imatinib on Jurkat cells, CCK-8 assays were performed. Next, DSB levels in Jurkat cells following RAD51 knockdown were determined, as well as the apoptotic rate in cells treated with or without etoposide. The results demonstrated that the IC 50 of imatinib toxicity to Jurkat cells was ~5 µM, and the toxic effect of imatinib on Jurkat cells at 20 µM stabilized (Fig. 5A ).
Using the IC 50 of imatinib obtained from the experiment described above, imatinib reduced RAD51 protein expression, and this reduction in RAD51 was dose-and time-dependent ( Fig. 5C-a and -b) . In contrast, etoposide (VP16), which was used as a reference, did not reduce RAD51 expression, but increased it at 48 h, which may be associated with DDR initiation (Fig. 5C-c) . The expression of γ-H2AX demonstrated that the combination therapy group had the most severe DSB injury, i.e., the weakest ability to repair DNA damage (Fig. 5B) . Similarly, apoptosis evaluation indicated that combination therapy markedly increased Jurkat cell apoptosis. These results suggested that imatinib may specifically reduce RAD51 protein (Fig. 5D ) in a dose-and time-dependent manner, and The ratio of GFP + to DsRed + cells (right panel), which was used as a measure of repair efficiency, was also presented. Experiments were repeated at least three times. * P<0.05. RAD51, DNA repair protein RAD51 homolog 1; NHEJ, non-homologous end joining; HR, homologous recombination; GFP, green fluorescent protein; sh, small hairpin RNA; SCR, scramble; KD, knockdown. this downregulation of RAD51 by imatinib triggers apoptosis in Jurkat cells following etoposide treatment.
Discussion
In the present study, it was demonstrated that RAD51 was overexpressed in Jurkat cells, whereas RAD51 downregulation by shRNA and imatinib decreased cell viability and increased apoptosis in Jurkat cells treated with etoposide. Furthermore, RAD51 downregulation resulted in impaired DNA repair capacity, accompanied by decreased HR. Furthermore, downregulation of RAD51 by imatinib markedly increased the rate of apoptosis in combination with etoposide treatment. These results suggested that targeting RAD51 may be a potential strategy for the sensitization of ATL to DNA damage-based chemotherapy.
RAD51 is a central protein in HR repair pathways, which serves a vital role in the pathogenesis and drug resistance of leukemia (33, 34) . Although several tumor cells have been found to overexpress RAD51 (11, 15) , the underlying reason remains unclear. An increasing number of studies have demonstrated that mammalian RAD51 proteins are linked directly or indirectly to a number of other proteins, such as anti-tumor factors serine-protein kinase ATM (35) , p53 (36), BRCA1/BRCA2 (27, 28) , proto-oncogene c-Abl (37) and SUMO-conjugating enzyme UBC9 (38) . This prompted us to investigate the role of RAD51 in tumor development.
In the present study, downregulation of RAD51 by shRNA and imatinib reduced the efficiency of HR repair and increased chemosensitivity and apoptosis in ATL. These results suggested that RAD51 has the potential to become a novel target for the clinical treatment of acute leukemia, with the hope of increasing ATL patient survival rate.
Etoposide is a topoisomerase II (TOP2) inhibitor which is widely used as an anticancer drug. It increases the expression of the TOP2 cleavage complex and thus increases TOP2-mediated chromosome DNA breakage (39, 40) . In the present study, cells were treated with etoposide at a concentration of 20 µM for 4 h with etoposide to induce DNA damage (41) , and all the analyses were performed 48 h later. The results demonstrated that downregulation of RAD51 reduced cell proliferation and increased the rate of apoptosis after etoposide treatment-induced DNA damage. This result may be related to DDR capacity, particularly HR abnormalities. The result of the subsequent experiments demonstrated showed that HR pathway repair in Jurkat cells was attenuated by RAD51 knockdown ed the rate of apoptosis following DNA damage. This result may be related to DDR capacity, particularly HR abnormalities. The result of the subsequent experiments demonstrated showed that HR pathway repair in Jurkat cells was attenuated by RAD51 knockdown and switched to the NHEJ pathway. This alteration resulted in an increase in apoptosis resulting from incomplete repair of Jurkat cells. A limitation of the present study was that whether key proteins in the NHEJ pathway were upregulated was not determined, so changes in the repair pathways could not be further confirmed.
Several small molecule RAD51 inhibitors have been developed (42, 43) . However, they lack specificity for RAD51 and are available only for in vitro studies of RAD51 activity. As shRNA is not currently applied in clinical treatment, inhibition of RAD51 with imatinib was also used in the current study (24) . Imatinib is the first-line therapy for chronic myelocytic leukemia. It has been reported that imatinib treatment reduces the expression of RAD51 and is closely associated with reduced HR in tumor cell lines with different p53 states (18) . Treatment of tumor cells with imatinib enhances sensitivity (24) , but this effect does not occur in normal fibroblasts. In irradiated tumors, mitomycin, gemcitabine combined with imatinib decreases tumor cell proliferation. This synergistic effect was also demonstrated in vivo using a PC3 mouse tumor model: Combination of imatinib and radiotherapy alone significantly delayed tumor growth, at least partially due to a decrease in RAD51 expression (24) . The results of the present study demonstrated that imatinib reduced RAD51 protein in ATL cells in a dose-and time-dependent manner. Therefore, the combined treatment of imatinib and chemotherapeutic drugs may be useful for the treatment of hematological tumors. Imatinib reduced the expression of RAD51, but the exact mechanism of how imatinib reduces RAD51 expression has not been fully elucidated; this requires further investigation in future experiments. For more far-reaching mechanisms, it will be necessary to determine the DNA damage response caused by RAD51 overexpression.
In conclusion, the RAD51 protein is key to HR repair pathways and was involved in the occurrence and drug resistance of leukemia. Increased expression of RAD51 recombination protein in various tumors is a common phenomenon (11) . Acute leukemia is a malignancy with poor treatment outcomes (3) . Although RNAi technology targets gene activity by silencing and has very high specificity, the clinical application of siRNA is currently limited by its off-target effects and short life span. The limitations of this study include the lack of data from peripheral blood samples and a non-cancerous cell line. In the present study, no normal peripheral blood samples or non-cancerous cell lines were used as negative controls; therefore, the experimental results can only indicate that RAD51 may serve an important role in blood cancer cell lines.
In the present experiment, RAD51 knockdown decreased the repair efficiency of Jurkat cells and increased their chemosensitivity, ultimately leading to cell apoptosis. Based on these results, RAD51 appears to be promising as a novel target for the clinical treatment of leukemia, and it may improve the survival of leukemia patients.
